Proglucagon-derived glucagon-like peptide-2 (GLP-2
G LUCAGON-LIKE PEPTIDES 1 and 2 (GLP-1 and
GLP-2) are derived from a single proglucagon precursor, and liberated via tissue-specific posttranslational processing in the gut and central nervous system (CNS) (1, 2) . GLP-1 promotes nutrient assimilation by inhibiting gastric emptying and glucagon secretion and enhancing glucosedependent insulin secretion (3) . In contrast, the principal actions of GLP-2 are localized to the gastrointestinal epithelium, where GLP-2 enhances hexose transport, reduces epithelial permeability, and stimulates proliferation of the gut mucosa (4) . More recent studies have demonstrated that GLP-2 exerts potent antiapoptotic effects in normal and injured gut epithelium (5-7); however, the antiapoptotic effects of GLP-2 in the gut are indirect, via liberation of as yet unidentified signals after GLP-2 receptor (GLP-2R) activation (8) .
In the adult brain, proglucagon gene expression has been localized to neurons in the caudal brainstem (9 -11) and, to a lesser extent, in the hypothalamus (12, 13) . Proglucagon processing in the adult brain overlaps that in the intestine, generating glicentin, oxyntomodulin, and GLPs (10, (13) (14) (15) . Immunoreactive GLP-1 fiber tracts are widespread throughout the brain, with the highest densities detected in the hypothalamus, in addition to several thalamic and cortical nuclei (16) . GLP-1 receptor expression is also widely distributed throughout the brain (11, 17, 18) , consistent with the presence of a functional GLP-1-GLP-1R axis in multiple regions of the CNS.
Intracerebroventricular (icv) administration of GLP-1 or the GLP-1R agonist exendin-4 potently inhibits food intake in rats and mice (19, 20) . Peripheral infusion of GLP-1 also decreases food and water intake in rats (19, 21) and reduces appetite and meal size in normal, obese, or diabetic humans (22) . Central GLP-1 actions are not restricted to the control of satiety, as GLP-1R neurons integrate information from and modulate pathways regulating interoceptive stress (23, 24) , thermogenesis (25) , and autonomic circuits controlling blood pressure and heart rate (26 -29) . Moreover, GLP-1R agonists exert antiapoptotic effects not only in the endocrine pancreas (8) , but also on primary neuronal cells (30 -32) . Gene transfer experiments in GLP-1R
Ϫ/Ϫ mice demonstrate that the presence or absence of GLP-1R signaling in the CNS significantly modifies the extent of neuronal survival after chemical injury (32) .
In contrast, very little is known about the expression or role of GLP-2 in the CNS. GLP-2R has been detected in the CNS (33) (34) (35) . Rat GLP-2R was localized to the dorsomedial nucleus of the hypothalamus, where it was coupled to pathways leading to inhibition of food intake (36) . Nevertheless, there is little available information regarding the importance of GLP-2 as a satiety peptide, and administration of GLP-2 to human subjects does not produce satiety or inhibition of food intake (37, 38) .
Accordingly we have now used RIA and HPLC analyses, RT-PCR, and in situ hybridization to identify components of the GLP-2-GLP-2R axis in the developing and the adult rodent brain. We report the presence of a widely distributed functional GLP-2-GLP-2R system in the rodent nervous system. Furthermore, activation of GLP-2R signaling modifies glutamate-induced cytotoxicity in a cAMP-, protein kinase A (PKA)-dependent manner in hippocampal cells cultured in vitro.
Materials and Methods Animals
Pregnant female rats, lactating female rats with pups, adult male Wistar rats, and pregnant female CD1 mice, were obtained from Charles River Breeding Laboratories (St. Constant, Canada). For in situ hybridization studies, male Wistar rats, aged 9 -10 wk, were purchased from Charles River Breeding Laboratories. Animals were housed in a climatecontrolled room with a 12-h light, 12-h dark photoperiod. Food (Purina rat chow, Ralston Purina Co., St. Louis, MO) and tap water were freely available. Animals were allowed at least 3 d to acclimatize before experimentation. The first 24 h after birth was designated postnatal d (PN) 0. All experiments were carried out in accordance with animal care guidelines approved by the University Health Network and University of Toronto.
Tissue preparation for RIA and HPLC analyses
Tissues samples were homogenized in 1 n HCl containing 5% HCOOH, 1% trifluoroacetic acid (TFA), and 1% NaCl, followed by extraction of peptides and small proteins by passage through a cartridge of C 18 silica (Sep-Pak, Waters Associates, Milford, MA). Plasma samples were collected into a 10% volume of Trasylol, EDTA, and diprotin A, and 2 vol 1% TFA (pH 2.5, with diethylamine) were added to the plasma before extraction of peptides on C 18 silica (2, 39).
GLP-2 RIA analysis
Brainstem and hypothalamus were isolated from rats at various developmental time points. For fetal [embryonic d (E) 19/20] rats, hypothalamus and brainstem were each pooled from five fetuses to make n ϭ 1. For newborn rats (PN0), hypothalamus and brainstem were each pooled from six or seven pups to make n ϭ 1, and for PN12 rats, hypothalamus and brainstem were each pooled from three pups to make n ϭ 1. For PN21 rats, hypothalamus and brainstem were each pooled from two pups to make n ϭ 1, and for PN42 rats and adult rats, each hypothalamus and brainstem consisted of an experimental sample, with four samples studied for each age group. GLP-2-immunoreactive (GLP-2-IR) peptides were detected using antiserum UTTH7, which detects the midsequence amino acids 25-30, and thus, both GLP-2-(1-33) and the cleaved form, GLP-2 3-33 as well as proglucagon and the major proglucagon fragment (2, 39) . Tissue protein levels were determined by Bradford assay, and IR-GLP-2 (picograms) was normalized to protein (micrograms).
HPLC analysis
For HPLC separation of fetal rat brain extracts, hypothalami and brainstem were pooled from 14 rat fetuses to make n ϭ 1. For adult samples, hypothalamus and brainstem were isolated from a single brain to constitute one sample each. GLP-2-related peptides were separated by HPLC using a C 18 Bondapak column (Waters Associates) with a 45-min linear gradient of 30 -60% solvent B (solvent A, 0.1% TFA in water; solvent B, 0.1% TFA in acetonitrile), followed by a 10-min purge with 99% solvent B. The flow rate was 1.5 ml/min, and 0.5-ml fractions were collected (2, 39). Data are expressed per hypothalamus or brainstem.
RNA isolation and semiquantitative RT-PCR
For E19 samples, fetuses were rapidly removed from surrounding tissues, and euthanized, and hippocampi and cortex were removed. Each fetal hippocampal or cortical sample consisted of tissue pooled from two fetuses to make n ϭ 1. For all neonatal time points (PN0, PN2, and PN4), a cerebellum was pooled from two pups to make n ϭ 1, hippocampi (both hemispheres) were pooled from two pups to make n ϭ 1, and cortex (both hemispheres) was collected from a single pup to make n ϭ 1. For older rats, (PN8, PN10, and PN16) each brain consisted of a single sample.
RNA was isolated using TRIzol reagent (Life Technologies, Inc., Toronto, Canada) and quantified using a spectrophotometer, and RNA integrity was assessed by gel electrophoresis and ethidium bromide fluorescence. Superscript II reverse transcriptase (Life Technologies, Inc.) was used to generate first strand cDNA from 10 g RNA after deoxyribonuclease I (Life Technologies, Inc.) treatment of sample RNA. To remove residual RNA after cDNA synthesis, all samples were treated with ribonuclease H (MBI Fermentas, Vilnius, Lithuania) and stored at Ϫ80 C until amplification. For PCR amplification 1-2 l of first strand cDNA (RT ϩ and RT Ϫ ) was annealed with gene-specific primers, deoxyribonucleotide triphosphates, and PCR buffer and amplified using Taq polymerase (MBI Fermentas).
For PCR amplification of rat proglucagon, primer pairs were 5Ј-TGAATTCCTTTGCTGCCTGGC-3Ј and 5-GTTTACATCGTGGCTG-GATTG-3Ј, and the expected PCR product was 323 bp. For rat or mouse GLP-1 receptor, primer pairs were 5Ј-GTCATCGCTTCAGCCATCCT-TGTT-3Ј and 5Ј-CTGGAAGGAAGTGAAGGAGAG-3Ј, yielding a 705-bp PCR product. For the GLP-2 receptor, primer pairs were 5Ј-TTGTGAACGGGCGCCAGGAGA-3Ј and 5Ј-GATCTCACTCTCTTC-CAGAATCTC 3Ј for rat GLP-2R and 5Ј-CTGCTGGTTTCCATCAAG-CAA-3Ј and 5Ј-TAGATCTCACTCTCTCTTCCAGA-3Ј for mouse GLP-2R. The expected PCR products for rat and mouse GLP-2R are approximately 1672 bp. For rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH), primer pairs were 5Ј-TCCACCACCCTGTTGCTG-TAG-3Ј and 5Ј-GACCACAGTCCATGACATCACT-3Ј, and the expected PCR product was 452 bp. The linear range for PCR amplification of rat proglucagon, rat GLP-2R, and rat GAPDH was determined by plotting the PCR product yield against either the cycle number or cDNA input amount (34, 40) .
After PCR amplification, products were separated on a 1% (wt/vol) agarose gel by electrophoresis and transferred to a nylon membrane (GeneScreen, Life Technologies, Inc.). DNA was cross-linked to membranes by exposure to UV light, and blots were hybridized overnight with 32 P-labeled internal cDNA probes for proglucagon, GLP-2R, or GAPDH. Membranes were washed at 60 -65 C, and quantification of relative PCR product abundance was determined using a phosphorimager (Storm 840 Phosphorimager, Molecular Dynamics, Sunnyvale, CA) and ImageQuant software (version 5.0, Molecular Dynamics). Relative RNA abundance was determined by normalizing signals for proglucagon, GLP-1R, or GLP-2R by the corresponding abundance of GAPDH transcripts amplified from the same cDNA samples.
Fetal and neonatal rat brain tissue experiments
For dispersion of neonatal rat brain tissues, PN8 Wistar rat pups were euthanized and decapitated, and the brains were quickly removed onto an ice-chilled glass plate. Brainstem, cerebellum, cortex, hippocampus, and hypothalamus were dissected with a scalpel blade as described above. Brain tissues were transferred to Eppendorf tubes on ice containing DMEM (Life Technologies, Inc.) supplemented with 100 m 3-isobutyl-1-methylxanthine (Sigma-Aldrich Corp., Oakville, Canada) and a proteinase inhibitor, aprotinin (Trasylol, Bayer, Inc., Etobicoke, Canada). Tissues were gently triturated with a 16-or 18-gauge needle, and further diluted with medium. Before peptide treatment (n ϭ 4 for each treatment), equal 0.3-ml samples of dispersed tissue were aliquoted to make 16 separate groups.
For fetal rat brain cultures, timed pregnant Wistar rats (E19 or E14) were killed by asphyxiation and fetuses were dissected and washed in sterile ice-chilled PBS. Fetal rat hypothalami (E19) were removed by scalpel blade using sterile conditions, and brainstem (E14) and neocortex (E14) were isolated by microdissection using a dissecting microscope.
Fetal rat hypothalamic cells (E19) were isolated from about 14 -16 rat pups and cultured in six-well plates as previously described (13, 41, 42) . Cells were washed in PBS, and approximately 24 h later, they were transiently serum-starved for 1-2 h in DMEM before addition of test peptides (n ϭ 5-6 for each treatment).
For fetal rat brainstem and cortical cultures, brainstem and neocortex were microdissected from about 14 -16 rat pups, finely triturated by surgical scissors in medium, and further purified from cellular debris by enzymatic dissociation (Papain Dissociation System, Worthington Biochemical Corp., Lakewood, NJ). After purification, E14 brainstem and cortical cells were plated at a density of 1.0 ϫ 10 6 cells/well in 50% MEM (Life Technologies, Inc.) and 50% DMEM containing 10% fetal bovine serum, 2 mm glutamine, penicillin (100 U/ml), and streptomycin (10 g/ml) in polyornithine-coated, 24-well culture plates placed in a humidified sterile culture hood at 37 C and 5% CO 2 . Before peptide treatment (n ϭ 6 for each treatment) 72 h later, cells were washed in PBS and transiently serum-starved for 1-2 h in DMEM alone.
A combination of late embryonic mouse fetuses (E21) and early postnatal (PN0 -1) pups from wild-type CD1 (Charles River Breeding Laboratories) and GLP-1 receptor Ϫ/Ϫ mice (20) was used to generate hippocampal cultures. Hippocampal tissue blocks were removed, finely minced, transferred to test tubes containing Neurobasal or Neurobasal-A medium (Invitrogen, Carlsbad, CA), and mechanically dissociated with a fire-polished, small borehole pipette into single cell suspensions. Cell viability was assessed with trypan blue exclusion (0.4%; Invitrogen), and tissue was plated on poly-l-lysine (Sigma-Aldrich Corp.)-coated tissue culture plates (Nunc, Naperville, IL) at 100 viable cells/l in Neurobasal medium containing 10% fetal bovine serum (HyClone, Logan, UT) and 1% penicillin/streptomycin (Invitrogen). Culture plates were incubated at 37 C in 5% CO 2 for 3-8 h, and then the medium and nonadherent cells were removed, and fresh Neurobasal medium supplemented with B27 (Invitrogen), 0.5 mm L-glutamine (Invitrogen), and 10 ng/ml basic fibroblast growth factor (human recombinant; Sigma-Aldrich Corp.) was added. Cells were cultured for 8 -14 d and formed a confluent monolayer with no further medium changes.
Peptides
Recombinant rat GLP-2-(1-33) and exendin-(9 -39) were purchased from California Peptide Research, Inc. (Napa, CA). [Gly 2 ]Human GLP-2 ([Gly 2 ]hGLP-2; Teduglutide) was a gift from NPS Allelix Biopharmaceuticals (Mississauga, Canada). Forskolin and 3-isobutyl-1-methylxanthine were purchased from Sigma-Aldrich Corp.
FIG. 1. Proglucagon (PG)
, and proglucagon-derived peptide (PGDP) receptor expression in the neonatal PN0 and adult rat brain. Proglucagon (A), GLP-1R (B), and GLP-2R (C) mRNA transcripts were determined in the neonatal (PN0) and adult rat brainstem, hypothalamus, cortex, cerebellum, and hippocampus by RT-PCR as described in Materials and Methods. Relative densitometric signals were normalized to values obtained for an internal control transcript (GAPDH) in the same PCR (n ϭ 4 -6/ developmental group). *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 (vs. adult).
cAMP determination
Tissues or cells were stimulated with test peptides or forskolin at 37 C for 20 min, and reactions were terminated by the addition of 1 ml ice-cold ethanol; medium was collected and stored at Ϫ80 C. Medium extracts were vacuum-dried, and cAMP concentrations were measured by RIA (BTI, Stoughton, MA).
Glutamate-induced cellular injury
Neonatal hippocampal cells from CD1 mice were cultured as described above for 10 -13 d on glass chamber slides (Nunc). Before treatment, slides were washed with PBS, fresh medium was added, and cells were treated with [ Proglucagon gene expression and IR-GLP-2 in regions of the developing rat brain. RNA was isolated from fetal (E19), neonatal (PN0, PN2, PN4, PN8, PN10, and PN16), and adult (3 months) rat brain. Proglucagon mRNA transcripts were detected by semiquantitative RT-PCR in hypothalamus (A), brainstem (B), hippocampus (C), cerebellum (D), and cortex (E), and relative values were normalized relative to the densitometric signal for GAPDH obtained from the same PCR experiment. RDU, Relative densitometric units. n ϭ 4 -6/developmental group. The data are expressed as a percentage of the relative levels of proglucagon expression detected in adult (3 months) samples. For data in A-E: *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 (vs. adult). Hypothalami (F) and brainstem (G) were removed from fetal (E19/20), neonatal (PN0 and PN12), weaned (PN21 and PN42), and adult male rats. Brain extracts were analyzed for midsequence IR-GLP-2 by RIA and normalized to protein content (n ϭ 4). *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 (vs. PN42). H, Representative Southern blot analysis of RT-PCR products from rat cortex. Top panel, Proglucagon transcripts; bottom panel, GAPDH transcripts. ϩ or Ϫ, Presence or absence of reverse transcriptase in cDNA synthesis reaction.
Basel, Switzerland), and immunofluorescent detection of glial cells was determined by a rabbit polyclonal glial fibrillary acidic protein antibody (Chemicon, Temecula, CA). 
5-Bromo-2Ј-deoxyuridine (BrdU) immunohistochemistry
number of proliferating cells, BrdU (Roche) was added for 4 h before completion of the 16-h experiment. The presence of BrdU-positive cells was quantitated by dividing the number of BrdU-positive cells by the total number of cells per field viewed at ϫ200 magnification using a light microscope (Leica). Each microscopic field consisted of at least 200 cells, and three or four fields were counted per slide.
GLP-2R in situ hybridization
Animals were anesthetized with sodium phenobarbital and perfused intracardially with ice-cold isotonic saline, followed by 4% paraformaldehyde solution. The brain was removed and kept in paraformaldehyde for 5 d, then transferred to a solution containing paraformaldehyde and sucrose overnight and sectioned using a sliding microtome (Leica). Brain sections were collected and stored at Ϫ20 C in a cold cryoprotecting solution.
In situ hybridization histochemistry was used to localize GLP-2R mRNA transcripts in brain sections (30 m thick) from Wistar rats. The protocol used was largely adapted from previously described techniques (44) . The sections were successively fixed in 4% paraformaldehyde, digested at 37 C with proteinase K, acetylated with acetic anhydride, and dehydrated through graded concentrations of alcohol. After air-drying, the sections were hybridized with antisense 35 S-labeled rat GLP-2R cRNA overnight. After hybridization, sections were exposed to x-ray film, then dipped in emulsion. After being developed in D19 developer (Eastman Kodak Co., Rochester, NY) and fixed in rapid fixer (Kodak), all of the sections were counterstained and coverslipped with Permount (Fisher Scientific, Nepean, Ontario, Canada).
Antisense 35 S-labeled cRNA
The GLP-2R cDNA probe was generated by RT using RNA isolated from rat jejunum and primers 5Ј-AGAATGCTCAGAGAACCACAG-3Ј and 5Ј-CAGGGAATAACAAACAGCATG-3Ј, which yielded a 483-bp cDNA fragment extending from nucleotides 471-953 of the rat GLP-2R cDNA (GenBank accession no. AF105368). The GLP-2R cDNA was subcloned into a pCRII vector (Invitrogen Life Technologies) and linearized with XhoI and HindIII (Amersham Pharmacia Biotech Canada, Inc., Canada) for generation of antisense and sense cRNA probes, respectively.
Statistics
Statistical analysis was carried out using StatView 4.5 (Abacus Concepts, Berkeley) or PRISM 3.00 (GraphPad, Inc., San Diego, CA). Differences between groups were determined by ANOVA, and further analysis was carried out using post hoc comparisons.
Results
Spatial and age-specific expression of the glucagon and GLP-1 receptors has previously been reported in the mouse brain (17) ; however, little is known about the expression of GLP-2R in the CNS. We detected mRNA transcripts for proglucagon and the GLP-1R in neonatal and adult rat brain regions by semiquantitative RT-PCR, with the highest level of proglucagon mRNA expression in the adult brainstem (Fig. 1A) . Much lower, but detectable, levels of proglucagon mRNA transcripts were detected in adult hypothalamus, cortex, cerebellum, and hippocampus; however, proglucagon mRNA transcripts were comparatively more abundant in these regions, relative to adult levels, on PN0 (Fig. 1A) . In contrast, the highest levels of GLP-1R expression were detected in adult hypothalamus (Fig. 1B) , a principal site of GLP-1 action in the CNS (45) (46) (47) . Nevertheless, GLP-1R transcripts were also detected in the cortex, cerebellum, and hippocampus of both PN0 and adult mice (Fig. 1B) . Similarly, GLP-2R expression was greatest in adult hypothalamus (Fig.  1C) . Extending the previous demonstration of GLP-2R expression in the dorsomedial hypothalamus (36), we detected GLP-2R transcripts in adult and PN0 brainstem, hippocampus, cerebellum, and cortex (Fig. 1C) .
The detection of proglucagon mRNA transcripts on PN0 in regions other than brainstem and hypothalamus prompted us to determine the developmental profile and relative abundance (compared with levels detected in the adult) of proglucagon expression in the transition from the embryonic to neonatal to adult brain. Unexpectedly, proglucagon gene expression within the rat brain exhibited regionand developmental stage-specific differences, with levels often higher at specific time points in the developing compared with the adult rat brain (Fig. 2) . For example, proglucagon mRNA transcripts were more abundant on E19 in cortex and cerebellum, and subsequently declined to lower levels in the adult (Fig. 2, E and D) . Similarly, levels of proglucagon mRNA transcripts were more than 30-fold higher, relative to adult levels, in E19 and PN0 hippocampus, with a subsequent reduction in proglucagon mRNA transcripts observed with increasing developmental age (Fig. 2C) . In contrast, levels of proglucagon mRNA transcripts were relatively constant in hypothalamus and brainstem from E19 to adult (Fig.  2, A and B) .
The detection of proglucagon gene expression in different regions of the neonatal and adult rat brain prompted us to assess whether proglucagon was actually translated and correctly processed to yield bioactive GLP-2 in the brain. RIA analysis of rat brain tissues (Fig. 2, F In contrast, analysis of rat brainstem extracts (Fig. 2G ) revealed a different developmental profile of total immunoreactive GLP-2, with the highest amounts detected in fetal extracts (1.68 Ϯ 0.09 pg/g protein; P Ͻ 0.001 vs. all other time points) and relatively lower, but similar, amounts present throughout neonatal and adulthood time points (Fig.  2G) . Furthermore, both bioactive GLP-2-(1-33) and bioinactive GLP-2-(3-33) were detected in extracts from fetal and adult hypothalamus and brainstem by HPLC. Peak values were approximately 7-8 pg for fetal and 500 -600 pg for adult GLP-2-(1-33) and GLP-2-(3-33) (data not shown).
Although GLP-2R mRNA transcripts have been detected in adult rat and mouse brain (35, 36) , little information is available about whether the GLP-2R is expressed in the developing rodent brain. GLP-2R mRNA transcripts were detected in E19 hypothalamus, brainstem, hippocampus, cerebellum, and cortex (Fig. 3) . The relative levels of GLP-2R mRNA transcripts were generally greater in adult vs. E19 brain regions, but were most abundant on PN8 in hippocampus and on PN16 in hypothalamus and cerebellum (Fig. 3) .
To more precisely localize GLP-2R expression within specific regions of the rat brain, we carried out in situ hybridization experiments with GLP-2R sense and antisense cRNA probes. The distribution of GLP-2R mRNA transcripts in the adult rat brain is shown in Fig. 4 . A few GLP-2R ϩ cells were detected in the hippocampal formation, including the dentate gyrus, in Ammon's horn of the hippocampal fields 1 and 3 (Fig. 4A, AЈ, H, and HЈ) . The hypothalamic expression of GLP-2R mRNA was comparatively more abundant in the compact part of the dorsomedial hypothalamus (Fig. 4, B and  BЈ) . GLP-2R mRNA transcripts were also detected in the ventromedial nucleus and supramammillary nucleus (Fig. 4 , C, CЈ, D, and DЈ). In the brainstem, GLP-2R mRNA ϩ neurons were found in the substantia nigra (Fig. 4, E and EЈ) , parabrachial nucleus (Fig. 4, F and FЈ) , and nucleus of the solitary tract (Fig. 4, G and GЈ) . Higher magnification photomicrographs of the parabrachial nucleus and dorsomedial hypothalamus and are shown in Fig. 4, K-N . No signals were detected in the same regions with sense GLP-2R control probes, as shown in Fig. 4 J, L, and N. The relative abundance of GLP-2R mRNA expression detected by in situ hybridization is summarized in Table 1 .
The data presented herein demonstrate parallel expression of the peptide ligand GLP-2-(1-33) and RNA transcripts for the cognate GLP-2R within the same regions of both fetal and neonatal rat brains. These findings implicitly suggest a potential for activation of the GLP-2:GLP-2R axis within the developing CNS. Accordingly, we tested whether this axis is functional by assessing whether GLP-2 increases cAMP accumulation in dispersed neonatal brain tissues or cultured fetal neural cells (Fig. 5 ). PN8 was selected as an initial time point for primary culture experiments because it represents the midway point between PN0 and PN16, key times at which we analyzed GLP-2R expression (Fig. 3) . GLP-2 significantly increased cAMP accumulation in PN8 brainstem (Fig. 5, A and B) , but not in cells cultured from PN8 cerebellum, hypothalamus, or cortex (Fig. 5A) , or in E19 hypothalamus or E14 brainstem or cortex (Fig. 5, C and D) . In contrast, forskolin significantly increased cAMP accumulation in dispersed PN8 cultures from all regions examined, as well as in cultures from E19 hypothalamus and E14 brainstem and cortex (Fig. 5, A-D , and data not shown). To ascertain whether the lack of a functional GLP-2 response was indicative of immaturity in one or both components of the GLP-2:GLP-2R axis in the cell cultures, we examined the expression of proglucagon and GLP-2R genes in cultured cells. Although proglucagon mRNA transcripts were detected in RNA from E14 brainstem and neocortex, GLP-2R mRNA transcripts were absent at the identical time points 
a Relative density of GLP-2R mRNA signal in the selected cell groups as determined from the in situ hybridization experiments shown in Fig. 4 . CA1, Ammon's horn 1 field of the hippocampus; CA3, Ammon's horn field 3 of the hippocampus; DG, dentate gyrus; DMH, dorsomedial hypothalamic nucleus; NTS, nucleus of the solitary tract; PB, parabrachial nucleus; SN, substantia nigra; SuM, supramammillary nucleus; VMH, ventromedial hypothalamus; ϩ to ϩϩϩϩ, relative intensity of GLP-2R RNA signal in films exposed for identical time periods. (Fig. 5E ), in keeping with the lack of a functional GLP-2 cAMP response.
Studies of GLP-2 action in the rat CNS have demonstrated that the inhibitory effects of GLP-2 on hypothalamic control of food intake are paradoxically inhibited by the GLP-1R antagonist exendin-(9 -39) (36). Accordingly, we examined whether GLP-2-stimulated cAMP accumulation was attenuated by exendin-(9 -39). As shown in Fig. 5B , exendin-(9 -39) had no effect on the GLP-2-induced increase in cAMP in PN8 rat brainstem.
As both GLP-1R and GLP-2R expression have been localized to adult and neonatal hippocampus (35) , and GLP-1 has been shown to exert cytoprotective effects in rat hippocampal cells (30 -32) , we examined the functional activity of GLP-2Rs in cells derived from the neonatal murine hippocampus.
[Gly 2 ]hGLP-2 significantly increased levels of cAMP in cultured murine hippocampal cells (Fig. 6A ), which were comprised of a mixture of glial and neuronal cell types (Fig. 6C) . Similarly, the GLP-1R agonist exendin-4 significantly increased levels of cAMP in parallel experiments (Fig. 6A) . As the anorectic actions of icv GLP-2 in the rat brain were blocked by a GLP-1R antagonist (36), we repeated experiments using hippocampal and cortical cell cultures derived from GLP-1R null mice (20) . [Gly 2 ]hGLP-2 (Teduglutide) significantly increased cAMP accumulation in primary neonatal hippocampal, but not cortical GLP-1R Ϫ/Ϫ cells (Fig.  6B) , demonstrating that the stimulatory actions of GLP-2 are not mediated by the known GLP-1R.
Accumulating evidence suggests that GLP-1 may exert cytoprotective effects in neuronal cells in vitro and in the rat FIG. 5. GLP-2 stimulates cAMP accumulation in rat brain tissues. A, Cerebellum, brainstem, hypothalamus, and cortex were removed from PN8 rats, dispersed tissues were incubated in GLP-2 (10 nM), forskolin (100 M), or medium alone for 20 min at 37 C, and cAMP was measured. Treatments were carried out in quadruplicate, and the values presented are representative of five separate experiments. B, PN8 rat brainstem was dispersed and incubated with medium alone, GLP-2 (10 nM), GLP-2 (10 nM) plus exendin-(9 -39) (100 nM), or forskolin (100 M) for 20 min, and cAMP was measured. Treatments were performed (n ϭ 4 -5), and the values presented are representative of three separate experiments. C, Hypothalami from E19 rats were isolated and cultured in medium for 18 h. Cells were incubated with GLP-2 (10 nM), forskolin (100 M), or medium alone (control), and cAMP was measured after 20 min (n ϭ 5 treatments/experimental condition). D, Brainstem and neocortex were microdissected and pooled from fetal rats (E14) and cultured under sterile conditions. After 72 h in culture, cells were treated with GLP-2 (1, 10, or 100 nM), forskolin (100 M), or medium alone (control), and cAMP was measured. Treatments were repeated (n ϭ 4). *, P Ͻ 0.05 vs. control. E, RT-PCR and Southern blot analysis of proglucagon and GLP-2R mRNA transcripts in RNA from E14 brainstem and cortex. Top panel, Proglucagon mRNA transcripts; bottom panel, GLP-2R mRNA transcripts. RNA from adult brainstem, cortex, and ileum were used as positive controls. ϩ or Ϫ, Presence or absence of reverse transcriptase in cDNA synthesis reaction. and mouse brain in vivo (30 -32) . The demonstration of a functional GLP-2 response in primary neonatal hippocampal cells taken together with data demonstrating direct cytoprotective actions of GLP-2 in heterologous fibroblasts (7, 48, 49) prompted us to examine whether the endogenous neural GLP-2R was also coupled to cytoprotective effects in the context of glutamate-induced excitotoxic injury. Glutamate (60 m) produced significant apoptotic cell death in cultured murine neonatal hippocampal cells (Fig. 7, A and D) . Although Teduglutide alone had no significant effect on the extent of basal apoptosis in the absence of glutamate, Teduglutide significantly reduced glutamate-induced apoptosis in hippocampal cell cultures (Fig. 7, A, B, and D) . To identify intracellular signaling mechanisms important for GLP-2-mediated inhibition of apoptosis, we examined the effects of GLP-2 on cell survival in the presence or absence of the PKA inhibitor H-89. The ability of GLP-2 to modify the extent of glutamate-induced cell death was significantly reduced in the presence of H-89 (Fig. 7B) .
As GLP-2 has also been implicated in the direct control of cell proliferation (50), we assessed the proliferative response to GLP-2 stimulation (Fig. 7C) . Cells cultured in serumdeprived medium exhibited a 47% decrease in proliferation relative to the rate of proliferation for cells grown serumsupplemented medium; no significant differences in proliferation rates were observed after the addition of Teduglutide (10 nm) alone. Although exposure of hippocampal cells to glutamate (60 m) alone produced a small, but significant, increase in cell proliferation (Fig. 7C) , no additional increase in proliferation was observed in cells exposed to both glutamate plus Teduglutide (Fig. 7C) . Similarly, GLP-2 did not stimulate the proliferation of cortical cells under identical experimental conditions (data not shown).
Discussion
The development, differentiation, and cellular remodeling of the CNS are complex and not fully understood. Numerous regulatory peptides are produced in the developing CNS, some contributing to neuronal growth or cytoprotection (51, 52) . Although the GLPs are known to be produced and exert multiple actions in the adult CNS, the expression, ontogeny, and biological role(s) of these peptides and their cognate receptors throughout brain development remain surprisingly unexplored. Our data demonstrate that bioactive GLP-2-(1-33) is produced in the fetal rat brainstem and hypothalamus. Moreover, the GLP-2R is expressed at many similar time points during brain development, consistent with the presence of a functional GLP-2/GLP-2R axis in the developing brain.
The adult brainstem is the predominant site for production of the proglucagon-derived peptides in the adult CNS, consistent with our previous analysis of proglucagon mRNA transcripts and glucagon-like immunoreactivity in developing and adult rat hypothalamus and medulla oblongata (9, 10, 12, 53) . However, in the present study we also demonstrate the expression of proglucagon mRNA transcripts within the perinatal cerebellum, cortex, and hippocampus, demonstrating that proglucagon gene expression is more widespread in the developing brain than previously appreciated.
The hypothalamus represents a primary site for GLP-2R expression in the adult rat CNS (36) . GLP-2R mRNA transcripts have now been localized to regions outside of the rat hypothalamus and brainstem using two different techniques, RT-PCR and in situ hybridization analyses. The demonstration of extrahypothalamic GLP-2R expression is consistent with our previous analyses of GLP-2R expression in the murine CNS (35) and in agreement with a recent report demonstrating GLP-2R expression in rat astrocytes and cerebral cortex (50) . Furthermore, low level, but widespread, expression of the GLP-2R has been demonstrated in multiple regions of the rat brain (54) . Collectively, the available data extend the distribution of GLP-2R mRNA transcripts to regions outside the hypothalamus.
Despite detection of proglucagon and GLP-2R mRNA transcripts on E19 in the hypothalamus, we were unable to demonstrate GLP-2-stimulated cAMP accumulation in isolated fetal hypothalamic tissues. Similarly, although proglucagon mRNA transcripts were detected in the embryonic brainstem and neocortex on E14, we did not identify GLP-2R mRNA transcripts in the same analyses. Hence, our data reveal unique developmental expression patterns of the proglucagon gene encoding GLP-2 and the GLP-2R. Among the limitations of our analysis of GLP-2R signaling, it remains possible that GLP-2 exerts its effects either through a different, as yet unidentified, receptor, or through intracellular signaling systems other then adenylyl cyclase. GLP-2 antag- 
onists or GLP-2R
Ϫ/Ϫ mice, reagents that would help clarify the receptor specificity of GLP-2 action, are not currently available. Nevertheless, our experiments demonstrate for the first time that GLP-2 induces cAMP accumulation in brainstem and hippocampus, defining a functional GLP-2:GLP-2R signaling system within anatomically distinct extrahypothalamic regions of the neonatal brain.
The demonstration that GLP-2 protected cultured primary hippocampal cells against glutamate-induced excitotoxic injury is in keeping with indirect cytoprotective actions of GLP-2 demonstrated in studies of the injured gastrointestinal epithelium (6, 7, 55) . Similarly, considerable recent evidence supports a role for GLP-1 in the protection of neural cells from apoptotic injury (30 -32) . The cytoprotective effects of GLP-2 in neural cultures via a PKA-dependent pathway extend the actions of GLP-2 beyond the gut and suggest that GLP-2R expression may confer resistance to apoptotic injury in a variety of cell types. The observation that GLP-2 exerts antiapoptotic actions in hippocampal cultures is consistent with emerging evidence that GLPs activate protective and regenerative pathways converging on cell survival in the pancreas, gastrointestinal tract, and CNS (8, 56) . Although we did not observe a significant proliferative effect of GLP-2 on murine hippocampal cells, GLP-2 stimulated the proliferation of cultured rat astrocytes (50) . Hence, activation of GLP-2R signaling may potentially be coupled to activation of cell proliferation and/or inhibition of apoptosis. Whether the cytoprotective actions of GLP-2 in the CNS have implications for potential therapeutic use of GLP-2 in vivo will require additional experimentation.
